). While reduced tillage may result in the accumulation of C compared to conventional tillage, if
gion of the United States contributes 25 to 33% of soil been managed under differing tillage intensity since 1991. The effect N 2 O emissions generated by agriculture within the enof tillage on non-CO 2 GHG emissions varied, in both magnitude tire United States (Li et al., 1996; Mummey et al., 1998) . ertson et al., 2000) . In contrast to these studies, Jacinthe fertilizer and tillage practices can be important in controlling non-CO 2 GHG emissions.
and Dick (1997) and Kessavalou et al. (1998) reported higher N 2 O emissions under conventional tillage compared to no till plots in Ohio and Nebraska, respectively. More recently, Six et al. (2004) concluded that long-I t has been widely stated that conversion from conventerm tillage effects on total GHG emissions depend both tional to reduced tillage agriculture could have a favoron climatic regime and duration of the adoption period. able impact on atmospheric concentrations of greenThere is little consensus within the central United States, house gases (GHGs) by promoting the storage of soil or anywhere else, whether reduced tillage leads to incarbon (C) (Lal et al., 1998; West and Post, 2002) . Howcreased or decreased N 2 O emissions and what the most ever, emissions of GHGs other than carbon dioxide important factors are in regulating the magnitude, or (CO 2 ), namely nitrous oxide (N 2 O) and methane (CH 4 ), direction, of the effect. must also be considered (Six et al., 2004) . Because N 2 O There is also little information regarding tillage efand CH 4 have global warming potentials (GWP) that fects on emissions of nitric oxide (NO) gas. Soil NO are 297 and 23 times, respectively, greater than CO 2 , emissions can significantly affect tropospheric ozone the total GHG budget of any ecosystem is more sensitive (O 3 ) production, particularly in rural regions (National to changes in their emissions than to changes in soil Research Council, 1992) . Ozone is an important GHG, CO 2 emissions (Intergovernmental Panel on Climate although estimation of its GWP is highly uncertain (Albritton et al., 1995) . Perhaps more importantly, O 3 phyto-of the current study was to examine the impact of longTrace Gas Fluxes term tillage management, together with fertilizer pracStatic chambers were used to measure soil-to-atmosphere tices, on N 2 O, CH 4 , and NO gas emissions within a corn fluxes of N 2 O and CH 4 . Rectangular stainless steel (20 ga) (Zea mays L.)-soybean [Glycine max (L.) Merr.] rotachamber bases measuring 53 ϫ 32 ϫ 8.6 cm deep with a 1.9-cm-wide horizontal flange on the top end were inserted into tion in southeastern Minnesota. the soil, so that the top was nearly flush with the soil surface. Bases remained in the soil for the entire season, except when removal and reinsertion were required by field operations.
MATERIALS AND METHODS
Vented stainless steel (20 ga) chamber tops (50 ϫ 29 ϫ 10.2 cm Site Description and Experimental Design high) were designed with a 1.9-cm horizontal edge lined with ethylene propylene diene terpolymer (EPDM) rubber gasket The site (Fig. 1) is located at the University of Minnesota's material to aid sealing onto the base flange. During measureResearch and Outreach Station in Rosemount, MN (44Њ45Ј N, ment, chamber tops were secured to bases with metal clamps, 93Њ04Ј W). Soil at the site was a Waukegan silt loam (finetypically for 60 min. Outer surfaces of the chambers were silty over skeletal mixed, superactive, mesic Typic Hapludoll) covered with reflective insulating material (Reflectix, Marklecontaining 22% sand, 55% silt, and 23% clay. Annual 30-yr ville, IN). Using thermocouples, we observed deviations of mean precipitation is 879 mm, and annual mean temperature Ͻ2ЊC between air and soil temperatures (at 1-and 5-cm is 6.4ЊC. Since 1991, plots planted in a corn-soybean rotation depths) measured inside versus outside chambers over 1-h were maintained under the following tillage treatments: (i) periods under clear conditions during mid-day early in the conventional tillage (CT) employing fall moldboard plowing growing season (1 July). Chamber gas samples were collected following corn, fall chisel plowing or disk ripping following at regular intervals of (typically) 0, 30, and 60 min by inserting soybean, with spring preplant cultivation before both corn and the needle of a 12-mL polypropylene (Monoject) syringe soybean; (ii) conservation tillage (CsT) employing fall chisel through a septum in the chamber top and slowly withdrawing plowing or disk ripping following corn, no fall plowing follow-9 to 12 mL. Samples were immediately transferred to 9-mL ing soybean, with spring cultivation before soybean only; and glass vials sealed with butyl rubber septa (Alltech, Deerfield, (iii) no tillage (NT) employing no fall tillage or spring cultiva-IL). We used either pre-evacuated vials, or un-evacuated vials tion (Hansmeyer et al., 1997) . Plots measured 27.4 m (36 corn containing "ambient" (lab) air. In the latter case, sample conrows) wide by 61 m long. In 2003 and 2004, we made measurecentrations were adjusted for dilution with ambient air concenments in nine plots planted in corn following soybean, that is, trations, as determined in four replicate ambient vials analyzed a different set of plots were studied each year (Fig. 1) . Each with each set of sample vials. We found excellent agreement set of nine plots was comprised of three replicate plots sub-(within 5%) in flux calculations between the two methods. jected to each tillage treatment. In 2003, 120 kg N ha Ϫ1 as Fluxes were generally measured between 1100 and 1400 h broadcast urea (BU) was applied to all plots when corn seedlocal time when soil temperatures were expected to be close lings were approximately 20 cm high (23 June) in keeping with to their daily mean values. historical fertilizer practices at the site. In 2004, each of the Gas samples were analyzed within 3 d of collection by gas nine main plots were divided into three subplots (27 total), each chromatography (GC) using a headspace autosampler (Tele-12 rows wide, which received 120 kg N ha Ϫ1 either as (i) andyne Tekmar, Mason, OH). The autosampler was modified hydrous ammonia (AA), which was knife-injected 7 d before by replacing the factory-supplied sample valve with a 14-port planting (3 May) in the center of the inter-row region 15 to valve (Valco Instruments, Houston, TX), which permitted sep-20 cm below the soil surface, (ii) urea ammonium nitrate arate sample loops to be filled simultaneously from the same (UAN), which was sprayed uniformly in a 28% electron capture detector for N 2 O. The system was calibrated using analytical grade standards (Scott Specialty Gases, Plumsteadville, PA). Gas fluxes were calculated from the rate of change in chamber concentration, chamber volume, and soil surface area using the formulation of Hutchinson and Mosier (1981) . Chamber gas concentrations were converted from molar mixing ratio units (e.g., ppm) determined by GC analysis to mass per volume units (e.g., ng N m Ϫ3 ) assuming ideal gas relations using air temperatures during sampling. Dynamic chamber methods were used to measure soilto-atmosphere fluxes of NO. A chamber top of identical construction as above was also equipped with inlet and outlet ports, each connected to 10-cm-long perforated gas manifolds inside of the chamber. The ports were connected to a chemiluminescent NO x analyzer (LMA 3D; Unisearch Associates, Concord, ON, Canada) via PTFE tubing encased within opaque plastic tubing. Using a vacuum pump inside the analyzer, chamber air was first passed through CrO 3 -coated diato- leaving the analyzer was passed through KMnO 4 -coated po-rous silica (Purafil, Doraville, GA) to ensure complete re-
Data Analysis and Statistics
moval of NO x . Concentrations of NO were manually recorded We estimated total integrated gas emissions from each plot every 30 s. Flux was calculated from the linear rate of change or subplot during each growing season assuming that measured in concentration accounting for NO scrubbing (Venterea et fluxes represented mean daily fluxes, and that mean daily al., 2003). The gas flow rate was low relative to chamber fluxes changed linearly between measurements. Fluxes of N 2 O volume (approximately 16 L), so that scrubbing itself did not and CH 4 were converted to greenhouse gas units (CO 2 equivaresult in a net decrease in NO concentrations over time except lents) using 100-yr horizon GWPs ( ated by single-factor ANOVA, and flux data were evaluated Flux measurements from row locations began on 28 May and by ANOVA with multiple observations in time. Means among were terminated on 3 July. Due to instrument problems, CH 4 different treatments were compared using least significant diffluxes were not obtained for the first five sampling events in ferences (LSD). Least significant difference values were calcu-2003. Corn was harvested on 14 October, and fall tillage oclated manually using error mean squares obtained by ANOVA curred on 3 November. Measurements from row locations or GLM procedures in SAS (SAS Institute, 2001 ) and critical were also made post-harvest through 4 November.
t values (Gomez and Gomez, 1984) . Untransformed NO, N 2 O, In 2004, flux measurements were made primarily from interand total GHG equivalents data were non-normally distribrow locations using one chamber in each of the 27 subplots.
uted (positively skewed). Preliminary ANOVA using untransAfter 23 June 2004, additional measurements were made using formed data indicated that variances increased in proportion nine chambers installed in row locations in the AA subplots to treatment means and that residuals were not normally disonly. Measurements of N 2 O and CH 4 fluxes began on 26 April tributed. Logarithm (base 10) transformation rectified these (14 d before planting) and continued until 23 November. Corn issues and therefore the reported ANOVA and regression was harvested on 10 November and fall tillage occurred on analyses were performed on log-transformed data (this was 17 November. Measurement of NO fluxes occurred during 5 not required for CH 4 data). Tabulated and plotted data are May to 5 August.
shown in original units (untransformed) to aid interpretation. Regression analyses were conducted using Statgraphics (Statgraphics, 2001 ).
Ancillary Variables
Soil temperature was measured during chamber deploy- Across all tillage treatments, mean N 2 O fluxes and intelated with soil water content at 10 to 20 cm (r 2 ϭ 0.05 and 0.06, respectively, p Ͻ 0.001), while there was no grated emissions from AA plots exceeded those from UAN and BU plots by more than a factor of two (Tacorrelation with soil water content or WFPS at 0 to 10 cm. The reverse pattern was found in the BU treatments ble 1, Fig. 5a ).
RESULTS
In all experiments, N 2 O fluxes began to increase across both seasons, where there was a correlation of N 2 O flux with both soil water content and WFPS at 0 within 1 to 3 wk following fertilizer application, reached a peak within the next 1 to 2 wk, and then gradually to 10 cm (r 2 ϭ 0.05, p Ͻ 0.001) but no correlation at 10 to 20 cm. Multiple regression models incorporating soil declined (Fig. 2c, 3c, 3d, 3e ). The temporal pattern in N 2 O flux tended to correspond with the accumulation moisture and temperature parameters accounted for 51, 33, and 22% of the total variance in N 2 O flux in the of NO 3 Ϫ in the upper 10 to 20 cm (Fig. 2c, 3c Table 3 ). The only significant difference in inorganic N concentrations due to tillage was within the compared to CT (57 and 61%) and CsT (55 and 62%). Across all measurements in both years, mean soil tem-AA subplots at the 10-to 20-cm depth, where the mean Apart from elevated fluxes observed during the 3 to 5 wk after fertilizer application, N 2 O fluxes were Daily N 2 O flux was positively correlated with soil temperature (5-cm depth, p Ͻ 0.001, r 2 ϭ 0.19). In the generally 10 to 100 g N m Ϫ2 h
Ϫ1
. Increases above this range were not observed in response to wetting events. AA and UAN treatments, N 2 O flux was positively corre- Following 26 mm of rain that occurred on 20 Aug. 2003, peak fluxes of approximately 300 g N m Ϫ2 h Ϫ1 apparently induced by fertilizer application. In 2004, following resulting in a dramatic increase in soil water content, fluxes measured the following day were higher than rainfall events of 21, 64, and 95 mm occurring on 16 August, 5 September, and 14-15 September, respecfluxes measured on 15 August (Fig. 2) . The magnitude of fluxes on this date were small (Ͻ10%) compared to tively, N 2 O fluxes measured 1 to 5 d later displayed cipitation during March through October (724 mm) was similar to the 30-yr mean value (738 mm), while precipithese increases may have also been related to soil temperature dynamics (Fig. 2b, 2c) . Similarly, on the day tation during the same period in 2003 (514 mm) was sponding to 0.04 to 0.53 Mg soil-C ha Ϫ1 yr Ϫ1 . In the BU treatment in 2004, the NT plots displayed mean total 40% lower (Fig. 2a, 3a) . Mean daily temperature during non-CO 2 GHGs emissions that were 0.05 Mg soil-C ha (Fig. 2b, 3b) the greatest lag period between fertilizer application Emissions of CH 4 were negative on the majority of and peak fluxes occurring in the AA treatment (Fig. 6 ). sampling dates (Fig. 2d, 4 
) indicating net CH 4 uptake
The tillage-by-fertilizer interaction effect on NO emis-(consumption). In 2004, there was a significant tillagesions was significant at p ϭ 0.067 and p ϭ 0.093 for by-fertilizer interaction effect on both mean CH 4 flux mean flux and integrated emissions, respectively. The (p ϭ 0.018) and integrated emissions (p ϭ 0.011). Methonly significant difference in NO emissions with tillage ane uptake tended to increase in the order CT Ͻ CsT Ͻ occurred in the AA treatment where, in contrast to N 2 O, NT in the UAN and BU treatments, while the reverse mean and integrated NO fluxes were higher under NT pattern (NT Ͻ CsT Ͻ CT) was observed in the AA than CT (p Ͻ 0.05, Table 1 , Fig. 7 ). Also in contrast to treatment (Table 1 ). Total uptake compared Total NO ϩ N 2 O emissions did not differ by tillage over equivalent seasonal periods in the BU treatments within any of the fertilizer treatments (Fig. 7) . The ratio was 35 Ϯ 7.6 mg CH 4 -C m Ϫ2 in 2003 compared to 13 Ϯ of NO to N 2 O flux was negatively correlated (p Ͻ 0.001) 2.5 mg CH 4 -C m Ϫ2 in 2004 (p Ͻ 0.003). There were no with soil water content at 0 to 10 cm (r 2 ϭ 0.05) and apparent short-term effects of tillage on CH 4 fluxes.
10 to 20 cm (r 2 ϭ 0.12), but was not correlated with A cluster of positive CH 4 fluxes occurred within days following tillage in 2003, although this also occurred in WFPS (0-10 cm). locations to exceed those from the inter-row locations during the period before fertilizer application (p ϭ 0.12) and during the four sampling dates after harvest (p ϭ 0.08). On the five sampling dates following fertilizer application, when N 2 O fluxes were highest, this trend was least evident (p ϭ 0.56). The above data were considered in deciding how to estimate total integrated emissions. For CH 4 , and for N 2 O treated with UAN and BU, we assumed that interrow chamber fluxes were representative of the entire surface area because no significant differences in row versus inter-row fluxes were observed for CH 4 , or for N 2 O during the peak N 2 O flux periods. Part of the reason for higher inter-row N 2 O fluxes in the AA treatment was likely the nonuniformity of the line-injection application method compared to more uniformly applied UAN and BU. Studies have shown that inorganic N levels following AA injection tend to decrease sharply within 10 cm of the injection line even several weeks after application (McIntosh and Frederick, 1958) . We therefore assumed during the period following AA application and before UAN application (5 May-23 June) that N 2 O and NO fluxes from the nonmeasured row region in the AA treatment (covering an area located 25-37 cm from the injection line) were equal to fluxes in the inter-row region of the unfertilized UAN subplot within the same plot. Following UAN application, we installed additional chamber bases in the row region of the AA subplots and measured fluxes from these locations until late July 
DISCUSSION
These findings demonstrate that net N 2 O ϩ CH 4 emissions can substantially affect the potential benefits of reduced tillage with respect to the total ecosystem GHG budget, depending on fertilizer practices. We observed that non-CO 2 GHG emissions (i) decreased under NT when AA was applied, (ii) increased under reduced tillage when BU was applied, and (iii) did not vary with tillage when UAN was applied. Under NT in the AA treatment, reductions in N 2 O ϩ CH 4 emissions were equivalent to reductions in CO 2 emissions of 0.59 to 0.84 Mg CO 2 ha Ϫ1 yr
Ϫ1
, corresponding to soil C increases of 0.16 to 0.23 Mg soil-C ha Ϫ1 yr Ϫ1 . Conversely, in the BU treatment, non-CO 2 GHG emissions under NT exceeded emissions under CT by an amount equivalent ment pairs (Johnson et al., 2005) . Differences in non-CO 2 GHG emissions due to tillage treatment in the factors than by anaerobic status. We also observed no significant correlation between NO flux and WFPS, as current study are therefore substantial (12-58%) when compared to potential rates of soil C sequestration. The might be expected (e.g., Davidson, 1993) . There was a weak negative correlation (r 2 Յ 0.12) between NO flux results also indicate that shifting away from AA fertilizer can result in reduced emissions equivalent to 0.1 to and soil water content. As pointed out by Ludwig et al. (2001) , it is the interaction of multiple factors including 0.4 Mg soil-C ha Ϫ1 yr
. Studies have shown that vertical distributions of aerowater content, temperature, N availability, and N process rates that ultimately controls net NO flux. Atmobic and anaerobic microbial populations and potential denitrifying activity tend to vary in plowed versus unspheric NO concentrations can also impact NO emissions because increasing atmospheric NO favors soil NO tilled soil profiles. Using agricultural soils from three sites in the midwestern United States, Linn and Doran uptake (Conrad, 1994) . However, when soil production processes are highly dynamic, as expected following N (1984a) found that facultative anaerobe populations and potential denitrification rates were higher in the upper application, it is difficult to assess the importance of aboveground NO levels on soil NO emissions. The "NO 7.5 cm under NT compared to CT. Conversely, over the 15-to 30-cm depth, plowed soils contained more facultacompensation point," defined as the atmospheric NO concentration at which soil NO consumption completely tive anaerobes and tended to have higher potential denitrification rates. Similarly, Groffman (1985) observed balances NO production, has been found to vary over nearly three orders of magnitude, and this variation is higher denitrification activity under NT compared to CT in the top 5 cm of a Georgia agricultural soil and the likely due to wide variation in soil production rates (Ludwig et al., 2001) . reverse pattern at greater depth. The patterns in field N 2 O emissions observed in the current study are consisThere was a trend toward higher NO emissions in the BU compared to AA and UAN treatments (Fig. 7) . tent with these previous findings. Injection of AA fertilizer below the most active denitrifying zone in the NT With more N cycling (nitrification and denitrification) and NO production presumed to be occurring closer to treatment may have first of all resulted in less denitrifying activity compared to CT in the 10-to 20-cm zone.
the soil-atmosphere interface (0-10 cm zone) following surface BU application, there would be less opportunity Higher WFPS under NT in the overlying 0-to 10-cm zone may have further reduced net N 2 O emissions by for highly reactive NO to be transformed to other N species before its release to the atmosphere (Venterea enhancing reducing conditions, thereby promoting the reduction of N 2 O to nitrogen (N 2 ) during transport toand Rolston, 2002) . While there may have been comparable rates of NO production occurring in the 10-to ward the soil surface (Linn and Doran, 1984b) . Conversely, surface-applied urea would be expected to stim-20-cm zone in the AA treatment, transformation of NO to N 2 O (and other N species) during its transport to the ulate more denitrifying activity in the upper soil layers, thereby favoring more denitrification under NT comsurface would be favored by greater residence times. , 1998) . The IPCC estimate assumes that 10% of the applied N is lost as NH 3 and NO, soil water content and WFPS (see Results, above) also support the idea that the primary zones of N 2 O producand that 0.25 to 2.25% of the remaining N is emitted as N 2 O. In the current case (120 kg N ha Ϫ1 applied), the tion varied in the AA (10-20 cm) and BU (0-10 cm) treatments, consistent with the above discussion.
estimates range from 27 to 240 mg N m
Ϫ2
. Emissions from the AA treatment under CT and CsT were approxThe low degree of correlation (r 2 Ͻ 0.07) between N 2 O flux and moisture parameters was likely due to the imately three times greater than the mid-range of the IPCC estimate and about 1.5 times greater than the well-drained nature of the site soil. The loess-derived silt loam is underlain starting at the 60-to 100-cm depth upper limit, while emissions under AA/NT were close to the upper limit. Peak N 2 O emissions in the range of by outwash sands, facilitating drainage. Previous studies in fertilized systems have shown that the highest N 2 O 1 to 4 mg N m Ϫ2 h Ϫ1 have also been observed following AA application to corn and other crops (Bremner et fluxes occurred when WFPS was 70 to 90% (e.g., Dobbie et al., 1999) . Values of WFPS above 70% (approximately al., 1981; Eichner, 1990; Thornton et al., 1996; Venterea and Rolston, 2000) . Emissions of N 2 O induced by AA 0.25 g H 2 O g Ϫ1 ) were attained in this study, but were not maintained for extensive periods (Fig. 2a, 3a) . The application have, in general, tended to be higher than other synthetic N fertilizers (Bouwman et al., 2002) . temporal dynamics of N 2 O (and NO) emissions exhibited a near-Gaussian response to fertilizer applications, Rolston (2000, 2002) attributed at least some of the elevated emissions under AA to the accuand did not appear to be driven by rainfall events that occurred before, during, or after the apparent fertilizermulation of NO 2 Ϫ and its subsequent involvement in biotic and abiotic reactions. While not measured here, induced response (Fig. 2, 3, 6 ). This was also supported by the lack of response to simulated rainfall. The data the tendency for NO 2 Ϫ to accumulate following AA application has been known for decades (Chalk et al., therefore suggest that growing season N 2 O production at this site was limited more by NO 3 Ϫ levels and/or other 1975) and has been attributed to the greater sensitivity of NO 2 Ϫ -oxidizing bacteria to free NH 3 toxicity than ment in 2003, CH 4 uptake represented 19% of the total non-CO 2 GHG budget, while in all other treatments the NH 4 ϩ -oxidizing bacteria (Van Cleemput and Samater, 1996) . contribution was Ͻ5%. Data reported here represent more than 2000 individual chamber measurements of each GHG flux and 400
